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This paper evaluates possible scenarios for Pakistan’s uranium enrichment and
plutonium production programs since the late 1970s by using Pakistan’s supply
of natural uranium as a constraint. Since international sanctions have prevented
Pakistan from importing uranium for decades, it has had to rely on domestic uranium
production—currently estimated as approximately 40 tons a year. The paper divides the
development of Pakistan’s uranium enrichment and plutonium production programs
into three broad periods: from the beginning in the late 1970s until the 1998 nuclear
tests; from 1999 to the present; and from the present to 2020; and considers how Pak-
istan could allocate its domestic uranium between its uranium enrichment and pluto-
nium production programs for each period. This assessment is completed for enrich-
ment capacities ranging from 15,000 to 75,000 separative work units (SWU) and takes
into account the construction of the second and third plutonium production reactors at
Khushab. The study finds that Pakistan may have sufficient natural uranium to fuel
the three reactors, if they are approximately 50 MWt each, but that for some of these en-
richment capacities, there will be a shortfall of natural uranium by 2020. The paper con-
siders the impact of alternative sources of enrichment feed such as depleted tails from
previous enrichment activity and reprocessed uranium from low-burn-up spent fuel
from the Khushab reactors. There are signs Pakistan early on may have enriched some
reprocessed uranium, possibly acquired from China. It finds that by 2020, Pakistan
could have accumulated approximately 450 kg of plutonium from the Khushab reactors
and 2500–6000 kg of highly enriched uranium (HEU) (90 percent enriched) for enrich-
ment capacities ranging from 15,000–75,000 SWU. These stocks would be sufficient for
perhaps 100–240 simple fission weapons based on HEU and for 90 plutonium weapons.
Pakistan may be able to produce more weapons if it either increases its rate of uranium
mining or has more advanced weapon designs requiring less fissile material in each
weapon.
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INTRODUCTION

Pakistan launched its nuclear research and development program in 1954, re-
lying like many other countries on technical training and a research reactor
offered by the United States as part of Atoms for Peace. The program now
encompasses the whole nuclear fuel cycle, from uranium mining through ura-
nium enrichment, fuel fabrication, nuclear reactor construction and operation,
and the reprocessing of spent nuclear fuel to recover plutonium.

The civilian component of Pakistan’s nuclear program, which is under In-
ternational Atomic Energy Agency (IAEA) safeguards, consists of the 125 MWe
Canadian supplied heavy water power reactor near Karachi (KANUPP) and a
300 MWe Chinese designed and built light water reactor at Chashma (CHAS-
NUPP). A second reactor of the same design is currently under construction at
Chashma.

At least since 1974, when India first tested a nuclear weapon, Pakistan’s
nuclear complex has had an overtly military component. Pakistan first tested
its nuclear weapons in 1998; two weeks after India conducted a series of tests.
Beyond this, there is limited official information in the public domain about
Pakistan’s nuclear weapons program. It is generally accepted that a uranium
enrichment program was launched in the mid 1970s at Kahuta, and that
Pakistan uses gas centrifuge technology to produce highly enriched uranium
(HEU) for nuclear weapons. However, the number and capacity of the enrich-
ment plants and the centrifuges that Pakistan uses, including the possible
development of several generations of centrifuges, are quite uncertain with
conflicting reports in the literature.

Similarly, it is widely accepted that Pakistan built and has been operating
a production reactor at Khushab since the late 1990s to create plutonium for
nuclear weapons. It is also building two additional production reactors at the
same site, one of which is expected to begin operation in late 2009. Pakistan
has not revealed, however, the design power of any of the Khushab reactors.

There is also little official information regarding other details of Pakistan’s
fuel cycle activities, such as uranium mining and milling, fuel fabrication, and
reprocessing, all of which are unsafeguarded. In the absence of such informa-
tion, one is required to rely on a combination of judgments by a handful of
independent analysts and media reports, augmented by occasional statements
from officials.

This article explores how Pakistan’s limited domestic production of ura-
nium may serve to constrain the size and possible evolution of its fissile ma-
terial production capabilities and stockpiles. Since Pakistan does not publish
uranium production data, the paper relies on estimates of Pakistan’s domes-
tic uranium production reported in the biennial worldwide assessment of ura-
nium resources and production, Uranium Resources, Production and Demand,
published by the Organisation for Economic Co-operation and Development
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(OECD) and the International Atomic Energy Agency (IAEA), commonly
known as the “Red Book.”1 This article evaluates possible scenarios for the
consumption of this uranium in the enrichment program, whose capacity may
have varied over the years, and as fuel for the growing number of production
reactors. Taken together, it is possible to construct a coherent picture of the
program as a whole.

The next section of the paper describes the availability of uranium for Pak-
istan’s nuclear program from both domestic sources and imports over the years.
The following sections review the consumption paths of this uranium, present-
ing possible scenarios for the evolution of Pakistan’s enrichment capacity, the
associated uranium requirements and the current and future uranium needs
for the Khushab production reactors.

In the final section, the preceding analysis of possible uranium flows is
used to construct an integrated picture of Pakistan’s military program, linking
its uranium enrichment and plutonium production capacities. It also presents
an updated estimate of Pakistan’s stock of fissile material for weapons and
projections of how these stocks may grow in the future.

There are important uncertainties regarding what the status of Pakistan’s
fissile material production program could be even a decade from now. It
is unclear, for instance, if the severe earthquake of October 2005 damaged
Pakistan’s centrifuges at Kahuta (it is assumed here that the damage, if any,
was repaired without affecting production) and whether a future earthquake
may cause more serious problems and may require the replacement of many
centrifuges.

Pakistan also may decide that it has produced sufficient fissile material
to meet military requirements: the United States, Russia, United Kingdom,
France and China have already ended their production, India, Israel and North
Korea have not.2 It is also possible that faced with worsening political insta-
bility and violence, Pakistan may choose to end fissile material production as
a security measure. More likely perhaps is the successful negotiation of the
long awaited Fissile Material Cutoff Treaty, which would ban the production
of fissile material for weapons. Pakistan, despite its current concerns about
the scope of such a treaty, might not be able to resist international pressure
to end its production of fissile material for weapons even if it chose not to sign
the treaty.3 Neither Pakistan nor India has conducted nuclear tests since 1998
even though they are not signatories to the Comprehensive Test Ban Treaty.

There are also technical and economic issues of maintaining and replacing
aging infrastructure, and the development of new capacity. By 2020, Pakistan’s
original centrifuges would be over 40 years old, and any new capacity installed
soon after the 1998 nuclear tests as well as the Khushab-I reactor would be
over 20 years old. It is also unclear what Pakistan’s uranium resources and
mining capacity might be 10 or 20 years from now because the OECD/IAEA
“Red Book” only projects uranium production and demand to 2030. For these
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reasons, the present analysis limits projections of Pakistan’s fissile material
production to 2020.4

URANIUM PRODUCTION IN PAKISTAN

In 1957, the Pakistan Atomic Energy Commission (PAEC) launched a search
for domestic deposits of uranium.5 Uranium was discovered in May 1959 by
the Geological Survey of Pakistan at Bagalchore (Bagalchur), near Dera Ghazi
Khan, in the southern part of the province of Punjab.6 The ore grade at Bagal-
chore was initially described as ranging from 0.05–0.5 percent, with an aver-
age of approximately 0.15 percent uranium.7 Later reports indicate the typical
grade as ranging from 0.03–0.1 percent and distributed in the form of lenses
up to several tens of meters long and less than a few meters thick, reaching
depths of over 150 meters.8 A 1980 assessment reported reserves, as of 1976,
as 150,000 tons at a cut-off grade of 0.1 percent U3O8, containing 181 tons of
uranium, with “no past production.”9

According to PAEC, the mine and co-located uranium mill opened in
1977–78.10 However, large scale mining at Bagalchore appears to have started
after 1980, with reports that purchases of equipment including “loaders, cranes
and mining machines” were made between 1980 and 1985.11

The IAEA Nuclear Fuel Cycle Information System (iNFCIS) database re-
ports the mill started up in 1978.12 This may have marked the start of an
initial period of pilot scale activity, described in Pakistani reports as “small
scale mining and processing activity on experimental basis,” with “a chem-
ical processing mini-plant of half a ton ore per day capacity . . . function-
ing satisfactorily.”13 This equates to a production rate of less than 200 kg a
year for ore containing 0.1 percent uranium. The mill’s design capacity is re-
ported variously as 300 tons of ore per day,14 and 30 tons of uranium per
year.15 If both reports are correct, this suggests an average ore quality of
0.03 percent.

The Bagalchore mine was reported to be nearly exhausted by 1998.16 It was
reportedly closed by 2000 and the site used to dump radioactive waste.17 The
IAEA’s World Distribution of Uranium Deposits database reports the original
amount in the Bagalchore deposit as less than 500 tons and the deposit as now
being depleted.18

A second uranium mine was opened at Qabul Khel in 1992, and mining
of deposits at the Nanganai and Taunsa deposits (both located near Dera
Ghazi Khan) started in 1996 and 2002 respectively, all using in situ leach-
ing technology.19 This extraction method is typically used for low-grade ores.
The IAEA’s World Distribution of Uranium Deposits database (UDEPO) re-
ports an initial resource of 500–1000 tons of uranium at the Qabul Khel
site.20
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Table 1: Estimated annual domestic uranium production for Pakistan.

Year
Uranium production

(tons)

Cumulative
production since 1980

(tons)

1980 23 23
1981 23 46
1982 23 69
1983 23 92
1984 23 115
1985 23 138
1986 23 161
1987 23 184
1988 23 207
1989 23 230
1990 30 260
1991 30 290
1992 23 313
1993 23 336
1994 23 359
1995 23 382
1996 23 405
1997 23 428
1998 23 451
1999 23 474
2000 23 497
2001 16 513
2002 38 551
2003 40 591
2004 40 631
2005 40 671

Source: OECD/IAEA, Uranium Resources, Production, and Demand, 1990, 1997, 1999, 2005,
and 2007.

The OECD/IAEA “Red Books” provide estimates for uranium production
in Pakistan from 1980 onwards and are summarized in Table 1.21 The data
shows a roughly constant annual rate of approximately 23 tons of uranium,
until about 2000 (when the Bagalchore mine closed) and a higher rate of ap-
proximately 40 tons per year from 2003 onwards. This increase in production
is presumably due to the new mine at Qabul Khel.

Pakistan continues to search for new uranium sources at great expense.22

However, no significant new finds or new mines have been reported as of 2009.

Uranium Imports
Pakistan appears to have imported some uranium. It signed a safeguards

agreement with the IAEA in 1977 for the import of uranium concentrate from
Niger.23 It is reported to have bought at least 60–110 tons of uranium directly
from Niger.24 There also have been reports that Libya may have purchased
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uranium from Niger starting in 1978 and then secretly sold or transferred
some of it to Pakistan.25 But as part of the IAEA’s verification activities in
Libya since 2003 it has been reported that Libya imported a total of 2263 tons
of uranium yellowcake between 1978 and 1981, containing 1587 tons of ura-
nium, and that all of this has been accounted for in Libya’s inventory.26 This
implies Pakistan may only have imported up to 110 tons of uranium and these
imports were under IAEA safeguards. Pakistan also apparently received 15
tons of uranium hexafluoride and 50 kg of HEU from China in 1982.27 This is
not included in the accounting presented here.

CONSUMPTION OF URANIUM IN REACTORS

Pakistan has two operating power reactors, KANUPP and Chashma, and a
third under construction. In addition, it has a dedicated reactor in Khushab
that produces plutonium for weapons, and two similar reactors under
construction.

KANUPP and Chashma are under safeguards. The 300 MWe Chashma
reactor is fueled by low enriched uranium (LEU) supplied by China, and is
not considered further in this analysis. KANUPP, a 125 MWe heavy water
reactor fueled with natural uranium, was purchased from Canada and began
operating in 1970. It was initially fueled by Canada. Following the 1974 Indian
nuclear test and Pakistan’s refusal to sign the Non-Proliferation Treaty (NPT),
Canada ended its fuel supply. In response, Pakistan developed its own fuel
fabrication capability, producing its first test fuel bundle in 1978.28

The total uranium consumption for KANUPP from 1980 to 2009 can be
derived from its declared electricity production in this period, and amounts
to 150 tons (assuming a fuel burn-up of 7400 MWd/t).29 Since this reactor is
safeguarded, we assume the uranium feed was largely taken from safeguarded
imported material rather than unsafeguarded domestic production. This latter
stock is assumed to have been dedicated to the military program.

Pakistan’s third operating reactor, the Khushab plutonium production re-
actor cannot use safeguarded imported uranium and relies exclusively on do-
mestic natural uranium. It is reported to be a heavy water natural uranium
reactor with a capacity of approximately 50 MWt.30 This seems a reasonable
estimate of the capacity, given that images of this reactor show its dome to
be very similar in size to the dome of India’s 40 MWt CIRUS reactor (see
Figure 1). Work on Khushab started in 1986–87 and the reactor came on line
in 1998.31 This would have required its fuel to have been fabricated starting
about 1997 if not before. The irradiation time for the fuel would have been
short, to allow for the low-burn (typically 1000 MWd/t) required to produce
weapon grade plutonium. The first batch of spent fuel could have been taken
out in 1999, cooled and reprocessed in 2000. On 16 March 2000, CBS News
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Figure 1: Khushab I reactor–the reactor building is at the center and the eight cooling
towers are at the right (IKONOS satellite imagery courtesy of GeoEye).

reported that the U.S. had acquired air samples in Pakistan showing traces of
krypton-85, indicative of active reprocessing.32

Two more reactors are being built in Khushab (see Figure 2).33 The two
new reactor buildings appear to be identical to each other but different from
Khushab I. The construction of Khushab II appears from satellite imagery
to have started in 2001–2002, while work on Khushab III started in 2005 or
2006.34 Images from September 2008 have been interpreted as suggesting that
the Khushab II reactor may be completed late in 2009.35

An initial estimate of the capacity of these reactors claimed a power of at
least 1000 MWt.36 However, a Pakistani official indicated Khushab II could be
much smaller than 1000 MWt, while a U.S. official said “the reactor will be
over 10 times less capable.”37 Subsequent estimates are that the reactor may
be much closer to Khushab I in size, with a capacity of 40–100 MWt.38 U.S.
government sources go further in suggesting that “intelligence indicated that
the emerging reactor appeared to be roughly the same size as the small one
Pakistan currently uses to make plutonium for its nuclear program.”39

The cooling towers offer one indication of the power of these reactors. In-
spection of the images of Khushab I and Khushab II show both to have an
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Figure 2: Khushab III (left) and Khushab II (right) under construction, as of January 2009
(Digital Globe imagery, courtesy of ISIS).

identical array of eight mechanical-draft cooling towers of approximately 5 m
diameter each. Khushab II seems to have a few more cooling towers of a dif-
ferent design. It is not clear if these are part of the cooling mechanism for
the reactor or serve some other purpose. In any event, these additional towers
seem to add at most approximately 20 percent to the area of the main cooling
rack of eight towers.

Furthermore, Pakistan’s estimated current domestic uranium production
of 40 tons/year can only support approximately 150 MWt of total capacity op-
erating at 70 percent efficiency with the low-burn associated with weapons
plutonium production reactors.40 If Pakistan operates all three Khushab re-
actors, it appears unlikely that the current uranium production rate would
allow Khushab II and Khushab III to have a capacity very different from
50 MWt. Therefore, for the purpose of this analysis, all three Khushab reactors
are taken to be 50 MWt each.

To provide fuel for the new reactors, Pakistan may have had to expand its
uranium processing and fuel fabrication capacity. Satellite imagery appears
to show an expansion of the Chemical Plants Complex at Dera Ghazi Khan,
which reportedly produces both uranium oxide for reactor fuel fabrication and
uranium hexafluoride for enrichment.41 It is assumed here that fuel fabrication
for the reactors would start from 2008 and 2009 and the reactors would begin
normal operation in 2009 and 2010 respectively.
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Pakistan also may have had to expand its reprocessing capacity to deal
with the spent fuel from the new reactors, which together with Khushab I
would produce a total of 39 tons of heavy metal a year. It is believed that
Pakistan reprocesses spent fuel from Khushab I at its New Labs facility near
Rawalpindi. Imagery from 2009 suggests that Pakistan may have built a sec-
ond reprocessing plant at the New Labs to handle the additional spent fuel (see
Figure 3).42 There are also indications that between 2002 and 2006 Pakistan
may have resumed work on a large reprocessing plant at Chashma.43 This fa-
cility was to have been built by France in the mid 1970s to handle 100 tons of
spent fuel per year, but the deal was cancelled at an early stage of construction.

PLUTONIUM PRODUCTION

In a heavy water reactor, at a burn-up of 1000 MWd/t, typical for producing
weapons grade plutonium, the spent fuel contains approximately 0.9 kg of plu-
tonium per ton of spent fuel.44 A reactor of 50 MWt, operating at 70 percent
capacity, at this burn-up will consume approximately 13 tons of natural ura-
nium as fuel per year, and produce approximately 11.5 kg of weapon grade
plutonium per year.

The timeline for the Khushab production reactors suggests that Pakistan
has been accumulating weapon grade plutonium since 2000 from Khushab I.
By 2010, Pakistan could have accumulated approximately 115 kg, equivalent
to just over 20 simple fission weapons, assuming 5 kg per weapon. The plu-
tonium from the new Khushab reactors could become available in 2011 and
2012 respectively. The cumulative plutonium produced in the Khushab reac-
tors’ spent fuel up to 2020 is shown in Figure 4. This suggests that by 2020,
Pakistan could have produced a total of approximately 450 kg of plutonium.

REPROCESSED URANIUM

Reprocessing spent fuel to recover plutonium also creates a stream of uranium
containing a large fraction of the initial uranium-235 that can be used as feed-
stock for enrichment. However, such use is complicated because of contamina-
tion by other uranium and transuranic isotopes and chemical impurities.

It is possible to estimate to first order the uranium isotopic composition
or vector in the spent fuel of a natural uranium fueled production reactor.
Each ton of natural uranium contains 992.89 kg of uranium-238 and 7.11 kg
of uranium-235. The annual energy release from a 50 MWt production reac-
tor working at 1000 MWd/t at 70 percent capacity comes from 306 × 1023 fis-
sions, i.e., the fission of approximately 12 kg of uranium-235.45 The reactor
consumes as a whole 12.8 tons of fuel per year and 0.937 kg of uranium-235 is
consumed per ton of fuel. Thus, the annual discharge of spent fuel of a Khushab
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Figure 3: Original reprocessing plant (top right) and possible new reprocessing plant
(bottom right) at the New Labs site, Rawalpindi, September 2006 (Google Earth imagery,
courtesy of ISIS).

reactor would contain approximately 12.8 tons of uranium, with 0.62 percent
uranium-235.

Reprocessed uranium also contains the isotopes uranium-232, uranium-
233, uranium-236 and uranium-237 that are not present in natural uranium.
The abundances of these isotopes in reprocessed uranium depends on the type
of fuel, the initial uranium-235 enrichment, the burn-up of the fuel, and the
cooling time of the spent fuel prior to reprocessing. Since enrichment serves
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Figure 4: Cumulative plutonium production from the Khushab reactors to 2020.

to increase the relative abundance of lighter isotopes, the radioactivity of en-
riched reprocessed uranium is greater than that of enriched natural uranium.
The isotope uranium-232 (69 year half-life) is a problem because it has a decay
chain that includes daughter products that are significant beta and gamma
emitters (lead-212, bismuth-212, and titanium-208). The other isotopes are
less significant as radiological hazards. Table 2 lists the uranium isotopic abun-
dances expected in low burn-up heavy water reactor fuel.46

There are also transuranic isotopes and chemical impurities in reprocessed
uranium that follow the uranium through the fluorination and enrichment pro-
cess, the abundance of which depends on the efficiency of reprocessing opera-
tions.47 As result, the production and use of enriched reprocessed uranium usu-
ally requires dedicated processing facilities with additional shielding to protect
operators, and may require modified operating procedures at the enrichment
facility including reducing the time between UF6 conversion and enrichment,
purifying of the UF6, special filters, and special handling of feed and product
cylinders.48

Table 2: Uranium isotope abundances in 1000 MWd/t PHWR spent fuel.

Isotope Abundance (wt%)

U-232 1.013×10−10

U-233 2.550×10−9

U-234 0.005
U-235 0.616
U-236 0.015
U-238 99.37
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Even though it is more difficult and costly, reprocessed uranium has been
enriched by various countries.49 The United Kingdom, for instance, enriched
reprocessed uranium (containing 0.4 percent uranium-235) from its natural
uranium fueled Magnox reactors at Capenhurst gaseous diffusion plant (to 0.7
percent) and then further enriched it (to 2.6–3.4 percent) at Urenco’s Capen-
hurst centrifuge plants for fuel in advanced gas-cooled power reactors.50 Both
the United States and Russia enriched reprocessed uranium recovered from
plutonium production reactors to 90 percent uranium-235, i.e., to the level
typical for weapons.51 This may be an option for Pakistan as well if it faces
a natural uranium shortage for its enrichment program. The 15 tons of ura-
nium hexafluoride that Pakistan possibly received from China in 1982 may
have contained reprocessed uranium.

URANIUM ENRICHMENT

The history of Pakistan’s uranium enrichment centrifuge program is marked
by considerable secrecy, speculation and some drama. In order to make a coher-
ent estimate of HEU production and uranium consumption it was necessary to
cull out of various reports a possible scenario of how many centrifuges, and of
what capacity, were successfully operating at different periods. This exercise
draws heavily on the sources cited by Albright, Berkhout, and Walker.52

PIECING TOGETHER PAKISTAN’S CENTRIFUGE STORY

Pakistan initially explored a number of techniques for uranium enrichment, in-
cluding laser, centrifuge and diffusion.53 A decision was made to proceed with a
gas centrifuge enrichment plant in November 1974.54 Pakistan also contracted
with a German company to build a uranium hexafluoride plant, with a reported
capacity of approximately 200 tons per year, which apparently began work in
1980.55

The centrifuge program began at the newly built Energy Research Labora-
tory at Kahuta with two types of designs. Pakistan started out with the Dutch
CNOR-SNOR based centrifuge (sometimes referred to as P-1 in the Pakistani
context) and achieved separation of uranium in its prototype centrifuge in June
1978 and the first cascade of 54 machines was set up by early 1979.56 Reports
quoting A.Q. Khan indicate that Pakistan was first able to enrich natural ura-
nium up to a few percent uranium-235 by 1980,57 and up to weapon grade
by 1982.58 However, these were presumably small scale samples. A 1983 U.S.
State department briefing paper noted that Pakistan had “not yet produced
significant quantities of enriched uranium.”59

Large scale enrichment using cascades of P-1 centrifuges apparently
proved problematic for Pakistan. Their experience with the German design
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Figure 5: Northern (original) production area of the Kahuta enrichment plant (IKONOS
satellite imagery courtesy of GeoEye).

G-2 machines (termed P-2 in the Pakistani context) appears to have been bet-
ter and they were in mass production by the mid 1980s.60 A 1986 report claims
that at Kahuta the two types of centrifuges were housed in “two big halls set
slightly at an angle to each other . . . contain[ing] about 7000 centrifuges”61 (see
Figure 5). However, only a thousand or so machines were believed to be opera-
tional in 1986.62 At some stage, probably in the mid 1980s, Pakistan limited its
use of P-1 machines, and moved to using P-2 and later possibly more advanced
machines.63

A.Q. Khan subsequently claimed that by 1984 Pakistan had produced
enough uranium for a nuclear test, which they were hoping to conduct by
1986.64 An internal U.S. memo to Henry Kissinger in 1986 claimed that Kahuta
had a nominal capability to produce “enough weapons grade material to build
several nuclear devices per year.”65 By 1988, it was reported that Pakistan
had enough weapon grade uranium for four to six weapons (i.e., 100–150 kg of
HEU).66 A U.S. official claimed in late 1991 that Pakistan had sufficient HEU
for as many as six weapons.67

There is little information about the possible cascade design used by
Pakistan. One source is the indictment submitted in a South African court
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concerning a project located there to manufacture an enrichment plant
for export to Libya using a Pakistani design provided by the A.Q. Khan
network.68 The cascade design plans were described as “the product of orig-
inal German drawings and descriptions as adapted by Pakistan test results,
experience and reference calculations” and show four blocks of cascades to-
taling 5832 centrifuges. The first block contained two parallel cascades of 1968
machines each and enriched natural uranium to 3.5 percent uranium-235. The
second block had 1312 machines and enriched this 3.5 percent material to 20
percent uranium-235. The third block, with 456 machines, further enriched
this material to 60 percent uranium-235. The final block, of 128 machines, pro-
duced 90 percent enriched material. There are separate feed and withdrawal
stages for each of these five cascades. This would allow, in principle, each of
these enrichment stages to be carried out in separate facilities.

The South African report would imply Pakistan might have had a cascade
design of approximately 6000 machines. Note, however, that one can success-
fully run such a cascade with half this number of centrifuges, i.e., 3000 ma-
chines, provided the number of machines at each stage were also cut in half,
while retaining the same stage-to-stage ratios. This is consistent with reports
that the plans for Kahuta in the late 1980s called for 2000–3000 centrifuges
and a claim by a U.S. official that by 1991 Kahuta had approximately 3000
machines operating.69 If these 3000 machines were P-1 or P-2 centrifuges,
respectively with 3 and 5 kgSWU/year (or SWU) each, this would give a to-
tal capacity of 9000 or 15,000 SWU for the full cascade depending on the
machine.

Taking these reports into account, a plausible scenario for the first phase
of Pakistan’s enrichment program (until about 1990) may be as follows:

1. Pakistan had no substantial enrichment capacity until approximately
1982;

2. It achieved sufficient capacity to make 20 kg/yr of HEU during 1983–1985.
(This calls for a separative power of approximately 3000 SWU, produced
by approximately 1000 centrifuges of 3 SWU each), and

3. It increased the capacity linearly to 9000–15,000 SWU by 1990, through a
mix of P-1 and the more powerful and less problematic P-2 machines.

A new period in Pakistan’s enrichment began in 1990–1991. The U.S. had
unsuccessfully sought to end Pakistan’s enrichment program from its incep-
tion; the 1972 Symington Amendment and 1985 Pressler Amendment banned
aid to Pakistan because of its enrichment activities.70 However, these restric-
tions were waived by successive U.S. administrations for geo-strategic rea-
sons, and thus enrichment continued. During this time, Pakistan committed
to enrich uranium only to 5 percent, but according to U.S. officials appears
to have enriched far above this level.71 There was, however, a brief interrup-
tion in HEU production starting in mid-1989 in anticipation of Prime Minister
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Benazir Bhutto’s visit to the U.S., but production was resumed by the spring of
1990.72 The U.S. finally imposed sanctions in 1990, and in an attempt to have
sanctions lifted, Pakistan adopted an indefinite moratorium on HEU produc-
tion in 1991.73 Pakistan’s Chief of Army Staff at the time, Mirza Aslam Beg,
seems to have confirmed such a moratorium and explained that Pakistan be-
gan to produce only LEU, possibly up to 5 percent uranium-235.74

U.S. officials claim intelligence confirming that Pakistan stopped produc-
tion of HEU at least until the 1998 nuclear tests, even though after the tests
A.Q. Khan denied this.75 Note, however, that the cumulative production of
HEU in the two cases would eventually become equal, as long as the enrich-
ment plant was operated at its full capacity during this period. This is because
the total amount of HEU produced with a given enrichment (and tails) de-
pends only on the utilized SWU capacity and not on whether the enrichment
was done in stages. (See the formula for SWU capacity below.) In this study, it
is assumed that HEU production was stopped.

If, as Pakistan’s Chief of Army Staff claimed, HEU production had been
suspended, the 1998 tests presumably ended the need to exercise such re-
straint. It is assumed here that enrichment to 90 percent resumed in mid-1998,
soon after the tests. HEU production could have been resumed quickly by us-
ing as feedstock the LEU that had been accumulated in the years since 1991.
Once this stock was exhausted, Pakistan could have returned to using natural
uranium feed.

Meanwhile construction of additional enrichment capacity seems to have
continued. Satellite imagery suggests a second production area was added at
some stage to the Kahuta facility (see Figure 6).76 Pakistan developed the
indigenous capability to produce maraging steel and some other components
for centrifuges. It also imported components, including a 1995 purchase from
China of 5000 ring magnets, which serve as part of the upper bearings of cen-
trifuges, and would allow for the construction of perhaps several thousand ad-
ditional machines.77

There are also reports that in the 1980s, Pakistan started developing
more powerful P-3 and P-4 centrifuges, resembling Urenco’s 12 SWU 4-M and
20 SWU TC-10 machines respectively.78 There is no clear information as to
whether, when and how many of these more advanced centrifuges may have
been put into operation by Pakistan. It is assumed here that any increase in
capacity, whether by additional P-2, P-3 or P-4 machines, was brought into
operation in 1999, soon after the nuclear tests.

The characteristics of the various generations of Pakistani centrifuges as
inferred from various published reports are summarized in Table 3.

It has been assumed in this paper that Pakistan’s enrichment capacity
grew from 3000 SWU in 1983 to 15,000 SWU in 1990. For the period after 1990,
this study considers four enrichment scenarios built from modules consisting
of 3000 centrifuges, derived from the Pakistani cascade drawings supplied to a
South African manufacturer. These scenarios are:
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Figure 6: Southern production area of the Kahuta enrichment plant (IKONOS satellite
imagery courtesy of GeoEye).

1. A continuing enrichment capacity of 15,000 SWU, as some analysts seem
to assume;79

2. An increase in enrichment capacity from 15,000 to 30,000 SWU starting
from 1999, possibly from 6000 P-2 machines;

Table 3: Characteristics of Pakistani centrifuges.

Centrifuge Rotor material
Number of
segments

Total
length

(m)
Separative power

kg SWU/year
Peripheral

velocity (m/s)

P-11 Aluminum 4 2 1–3 350
P-22 Maraging steel 2 1 ∼5 450
P-33 Maraging steel 4 2 ∼12 485
P-44 Maraging steel 6 ∼3 ∼20 508

1Mark Hibbs, “Classified Dutch Report Suggested Khan Saw Key 4-M Centrifuge Data,” Nuclear
Fuels, 17 January 2005.
2Mark Hibbs, “Report Suggests Pakistan Bought Components For Two Steel Centrifuges,”
Nuclear Fuels, 4 July 2005.
3Mark Hibbs, “Pakistan Developed More Powerful Centrifuges,” Nuclear Fuels, 29 January 2007.
4Mark Hibbs, “P-4 Centrifuge Raised Intelligence Concerns About Post-1975 Data Theft,”
Nucleonics Week, 15 February 2007.
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3. An increase in enrichment capacity from 15,000 to 45,000 SWU starting
from 1999, coming possibly from cascades of 3000 P-2 machines and 3000
P-3 machines; or

4. An increase in enrichment capacity from 15,000 to 75,000 SWU starting
from 1999, coming possibly from cascades of 3000 P-2 machines and 3000
P-4 machines.

In these scenarios, the total enrichment capacity need not be at Kahuta
alone. It could be distributed across additional sites. There have been claims
that Pakistan may have enrichment facilities at Sihala, Golra and Gadwal.80

Gadwal was described recently as a facility where enriched uranium is en-
riched further to weapons grade.81 For the purposes of the analysis below, how-
ever, only the total SWU capacity is relevant.

The maximum capacity considered here is 75,000 SWU. Since it will be
safeguarded, the proposed 600,000 SWU enrichment plant at Chak Jhumra,
near Faisalabad, in Punjab province, is not included.82 This capacity is in-
tended to fuel an ambitious expansion of Pakistan’s nuclear power program,
with a target of 8800 MW by 2030.83 It is unlikely that these plans will be real-
ized since Pakistan is currently banned from purchasing reactors by the rules
of the Nuclear Suppliers Group.84 If reactors sales were to be permitted, it is
likely that providers would supply both reactors and fuel under safeguards—as
was the case with the two Chashma power reactors supplied by China to
Pakistan.

The analysis that follows will assess the viability of the four enrichment
scenarios using the constraint of uranium supply discussed above.

URANIUM CONSUMPTION AND HEU PRODUCTION

In this section, the uranium consumption and HEU production are estimated
for the four scenarios outlined above.

The basic equations linking uranium feed (F), product (P) and tails (T) and
the respective concentrations (n) to SWU capacity are well known.85 These are

np − nt

nf − nt
= F

P
= T

P
+ 1

SWU capacity = P · V(np) + T · V(nt) − F · V(nf )

Where V(x) = (2x − 1) ln( x
1−x ) is the “value function.”

Thus P, the amount of HEU produced, and the corresponding feed F can
both be determined from the SWU capacity for a given set of concentration
fractions.



94 Mian et al.

Table 4: SWU per kg of Product for Various Feed, Product and Tails Concentrations.

Concentration
of U-235 in feed
nf

Concentration
of U-235 in
product np

Concentration
of U-235 in tails

nt

Ratio of feed
to product

F/P

Separative work
per kg of

product SWU/P

0.71% 90% 0.3% 218 193
0.71% 5% 0.3% 11.4 7.2
0.71% 90% 0.5% 424 154
0.71% 5% 0.5% 21 5.3
0.71% 90% 0.1% 147 293
5% 90% 0.3% 19 56
5% 90% 0.5% 20 48
5% 90% 0.1% 18.4 73
0.62% 90% 0.3% 280 208
0.62% 90% 0.1% 173 320
0.3% 90% 0.1% 450 500

For convenience, Table 4 gives the values of SWU per kg of product for
some useful combinations of feed, product and tails fractions.

Using these equations one can calculate that the enrichment capacities of
15,000, 30,000, 45,000 and 75,000 SWU, all producing 90 percent HEU from
natural uranium and with 0.3 percent tails, will require annual natural ura-
nium feeds respectively of 17 tons, 34 tons, 51 tons and 85 tons. In addition,
the Khushab reactors will each consume approximately 13 tons a year. Mean-
while, as previously noted, it is assumed that the domestic natural uranium
production in Pakistan has been constant at 40 tons for a number of years.
Thus, eventually the annual production of natural uranium will not be able to
meet annual requirements. Pakistan would then have to dip into the reserve
unsafeguarded stocks accumulated from the early years when the annual re-
quirement was less, but these too would run out after some time. Clearly, the
higher the SWU capacity of the centrifuge plant, the sooner this will happen.

Although the natural uranium supply will be depleted, there are two other
sources of feed material for centrifuges, namely the depleted uranium tails
from previous enrichment activity and the uranium recovered from reprocess-
ing spent fuel. Enrichment of each ton of depleted uranium (with 0.3 percent
uranium-235) would yield 2.2 kg of 90 percent HEU if stripped further down to
produce tails containing 0.1 percent uranium-235.86 It would also be possible
to use recovered uranium from reprocessed Khushab spent fuel, which may
contain approximately 0.62 percent uranium-235, as noted above. Both these
options are included in the following calculations.

In all cases, it is assumed the depleted uranium tails are used as feed for
enrichment after the natural uranium reserve is exhausted. Note however that
Pakistan is reported to use depleted uranium to manufacture armor piercing
ammunition.87 This use is assumed to be small and may, in any case, involve
the depleted uranium tails generated by the second enrichment process. When
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the stock of depleted uranium tails is exhausted, the enrichment facility is as-
sumed to be fed with reprocessed uranium. This is because the latter contains
traces of other isotopes, which would contaminate the centrifuges.

Figure 7a–d shows the annual HEU production from 1980 to 2020 for
the four enrichment capacities considered here. These figures contain several
interesting features. First, note that the following five features are common to
all four cases:

Figure 7: (a-d) Annual HEU production for enrichment capacities of 15,000 to 75,000 SWU.
Regions with different shadings correspond to different feed material. Light grey represents
natural uranium, dotted areas represents LEU, and hatched areas represent depleted
uranium tails, and the cross-hatched areas, in (c) and (d), correspond to reprocessed
uranium.
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Figure 7: (Continued)

1. HEU production is common until 1998 because the enrichment capacity
up to that time is the same in all the cases. The gradual increase during
this period corresponds to a constant capacity of 3000 SWU from 1983 to
1985 which then linearly increases to reach 15,000 SWU in 1990;

2. There is a small dip in HEU production in 1989–1990 due to the brief
moratorium associated with the visit by Benazir Bhutto to the United
States;
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3. After 1991, HEU production stops until 1998. This was the period of the
HEU moratorium. During this time, however, the enrichment program
produced LEU (assumed to have been 5 percent uranium-235). It is es-
timated that nearly 15 tons of LEU was accumulated in this period;

4. There is a sharp increase in HEU production from 1998 to about 2000 due
to the use of the accumulated LEU as feed material. The time taken to
enrich this LEU to HEU decreases with increasing SWU capacity. This is
reflected in the increasing height of the bar from Figure 7(a) to Figure 7(d).
The total amount of HEU produced in this fashion is approximately 750 kg
for all four cases; and

5. All the LEU has been converted to HEU by 2001. After this, use of natural
uranium as feed is resumed until it is exhausted.

Note that in the case of 15,000 SWU case, Figure 7(a), natural uranium
lasts beyond 2020. After about 2001 when the LEU stock has all been enriched,
the centrifuges revert to using natural uranium at a steady rate of 17 tons to
produce almost 80 kg of HEU per year. This would be drawn from the available
200 ton stockpile of natural uranium while it lasts (roughly until 2024), while
the 40 tons of annual production could fuel the Khushab reactors. There is no
need to resort to either depleted uranium or reprocessed uranium as feed.

In the 30,000 SWU case, Figure 7(b), natural uranium stock will be ex-
hausted by 2011. The continuing annual production of 40 tons will be used
up by the three Khushab reactors. After that, depleted uranium is used as
feed for the centrifuges and is stripped down to 0.1 percent. HEU is produced
during this period at a rate of 60 kg per year, consuming 27 tons of depleted
uranium. This lasts beyond 2020 so that enriching reprocessed uranium stock
is not needed.

For 45,000 SWU, Figure 7(c), natural uranium stock is exhausted by 2005,
producing 233 kg of HEU per year.88 Then the use of depleted uranium as feed
begins, stripped down to 0.1 percent. This takes 41 tons of depleted uranium
feed and produces 90 kg HEU annually. It is shown in the figure by the darker
shade. By 2019, even the depleted uranium tails are exhausted.89 From that
point onwards, reprocessed uranium is used as feed (as shown by the cross-
hatched area) to yield HEU at a rate of 141 kg per year with 0.1 percent tails.

For the 75,000 SWU case, Figure 7(d), the natural uranium reserves will
be exhausted before about 2002.90 Thereafter, accumulated depleted uranium
is used as feed, which lasts until 2008, producing 150 kg of HEU per year.
Concurrently, between 2002 and 2008, 184 tons of natural uranium are accu-
mulated. This could be used for two years to produce 389 kg of HEU a year
during 2009 and 2010. This is shown in Figure 7(d). After 2010, nearly all of
the natural uranium is consumed in the three Khushab reactors, and the accu-
mulated stock of tails has been exhausted. The enrichment plant will therefore
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Figure 8: Annual growth of HEU stocks for four enrichment capacities, projected to 2020.

have to be fed by reprocessed uranium. A capacity of 75,000 SWU can take in a
feed of 41 tons of reprocessed uranium to produce 234 kg of HEU per year (with
0.1 percent tails). Since the three Khushab reactors together produce 39 tons
of reprocessed uranium per year, the additional two tons would have to come
from accumulated stocks of reprocessed uranium. This will not be exhausted
by 2020.

Figure 8 shows Pakistan’s cumulative HEU stocks projected to 2020 for the
four enrichment scenarios.

This assessment assumes a sequence of feedstock for the centrifuges; nat-
ural uranium feed, followed first by the use of LEU accumulated between 1992
and 1998, then by depleted uranium tails until they are exhausted, and finally
by the use of reprocessed uranium. This sequence has been applied consis-
tently for all four cases for simplicity and comparison. Different assumptions
would produce different scenarios. For example, once the enrichment of the
LEU stock to HEU is completed and the natural uranium feed falls below
the annual requirement for enrichment, the remaining uranium stock could
be mixed with the accumulated depleted uranium tails (0.3 percent uranium-
235) to produce additional feed material, and this mixture stripped down to
0.1 percent tails. The mixing ratio in the feed material would be determined
by the amount of natural uranium available and the enrichment capacity.

Pakistan may have skipped using depleted uranium and already started
to use reprocessed uranium from the Khushab reactor as feed for its enrich-
ment program. In 2004, while inspecting centrifuge components in Iran be-
lieved to have been imported from Pakistan, the IAEA reported that they had
found “particles of LEU and HEU” that were attributed to “contamination



Fissile Material Production in Pakistan 99

originating from imported centrifuge components.” The IAEA found that many
of the samples had “an elevated uranium-236 content that suggests the use of
recycled uranium as a feed material.”91 Traces of HEU were also found on
centrifuge components that Pakistan sold to Libya, with the IAEA reporting
“Environmental samples show low and high enriched uranium contamination
on the floor of the L-1 centrifuge test area . . . on centrifuge and crashed rotor
parts, on feed and take-off systems and on a mass spectrometer used in the
tests. . . . Most of the U-236 content is similar to that found in the State that
had supplied the L-1 centrifuge components.”92 This seems to indicate that
Pakistan supplied both Iran and Libya centrifuge components previously used
to enrich reprocessed uranium. This reprocessed uranium could, however, have
come in the 15 tons of uranium hexafluoride that Pakistan possibly received
from China in 1982 and enriched soon after, since some centrifuge component
transfers to Iran and Libya took place before Khushhab spent fuel became
available for reprocessing in 1999–2000.

CONCLUSION

The analysis presented here points towards a consistent picture of Pakistan’s
enrichment and plutonium production program based on a uranium balance
assessment. It assumes Pakistan has relied solely on domestic uranium for
both its uranium enrichment and its plutonium production programs, and uti-
lizes the OECD/IAEA “Red Book” year by year estimates of Pakistan’s domestic
uranium production, which has varied between 20–40 tons per year for almost
3 decades. Pakistan has not been able to import uranium for many years be-
cause of international supply controls. Material that was imported earlier and
was under IAEA safeguards cannot be used for weapons. This limited avail-
ability of natural uranium puts constraints on fissile material production for
weapons.

Relying on public sources, there appear to be two different phases in
Pakistan’s fissile material production to date. The first phase was from the
early 1980s to about 1998. During this period Pakistan’s enrichment program
grew from a modest 1000 centrifuges with a capacity of 3000 SWU to approx-
imately 9000–15000 SWU. There was no production of weapons grade pluto-
nium. During this phase, Pakistan would have had sufficient uranium to feed
its centrifuges. In fact, in the initial stages there would have been a uranium
surplus, leading to a small uranium reserve of nearly 200 tons by 1998.

In the next phase, the decade following the 1998 nuclear tests, approxi-
mately 1999–2009, the uranium demand may have increased for two reasons.
Firstly, Pakistan began to produce weapons grade plutonium from its reac-
tor at Khushab in 1999. It is estimated that for a reasonable capacity fac-
tor (of approximately 70 percent) Khushab requires approximately 13 tons of
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natural uranium fuel per year. Secondly, while some reports claimed that the
enrichment capacity remained the same during this phase, others indicate
that Pakistan may have commissioned additional P-2 centrifuges, and perhaps
moved to more powerful P-3 and P-4 machines.

If the enrichment capacity had remained constant at 15,000 SWU dur-
ing this second phase, then the requirement for enrichment (17 tons per
year) and the Khushab reactor (13 tons per year) could have both been met
from the annual production of 40 tons per year. For an enrichment capac-
ity of 30,000 SWU, the uranium surplus reserves from the past would have
to be tapped. If the capacity were much larger, such as 45,000 or 75,000
SWU, these reserves would be exhausted by approximately 2006 and 2002
respectively.

Once the natural uranium stocks are exhausted and the annual production
rate is insufficient, as happens in the 45,000 and 75,000 SWU cases, Pakistan
would have had either to mine more than 40 tons of uranium a year or find an
alternative feed. One source of feed would be the depleted tails from previous
enrichment activity. A second possibility would be to use reprocessed uranium
recovered from the Khushab production reactors’ spent fuel. Since these reac-
tors are meant to operate at low burn-up to produce weapons grade plutonium,
their spent fuel will still contain approximately 0.6 percent uranium-235, not
much less than the 0.7 percent in natural uranium.

Since reprocessed uranium contains other more radioactive isotopes, mak-
ing it more difficult to handle, it would be preferable to use it after the depleted
tails from past enrichment activity are exhausted. The analysis presented here
shows that supplies of uranium tails are sufficient to feed the centrifuges up
until the present, for all the enrichment capacities up to 75,000 SWU.

Turning to the future, between now and 2020, the same general principles
apply, but with the added difference that two more plutonium producing re-
actors are expected to be operating at Khushab. Assuming they are the same
capacity as Khushab I (50 MWt) and operate at a 70 percent capacity factor,
the three reactors combined will absorb almost the entire estimated current
annual uranium production of 40 tons. Therefore to sustain its enrichment
program, Pakistan will have to start using its stock of uranium, if any, from
past surplus years, mine additional uranium, or use as feed its accumulated
depleted tails or reprocessed uranium.

The periods for which natural uranium, the tails and reprocessed uranium
will have to be used will of course depend on the enrichment capacity. The
different cases are depicted in Figure 7, up to the year 2020, for the case of
natural uranium production at 40 tons/yr. As shown there, the stock of natural
uranium will be sufficient to feed a capacity of 15,000 SWU. For the 30,000
SWU case, augmenting natural uranium with accumulated depleted uranium
tails can provide the additional feed. Use of reprocessed uranium will become
necessary before 2020 for higher enrichment capacities. A capacity up to 75,000
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SWU can be fully operated this way at least until 2020. Evidence of uranium-
236 in LEU and HEU particles on Pakistan-supplied centrifuge components
in Iran and Libya suggest Pakistan may have enriched some reprocessed ura-
nium early in its program.

Depending on the enrichment capacity and, where required, by resorting to
the use of depleted uranium and reprocessed uranium as feed, Pakistan could
have accumulated by 2020, a stock of between 2500–6000 kg of 90 percent
enriched HEU for weapons. If all three Khushab reactors have a capacity of 50
MWt, Pakistan could by 2020 also have accumulated approximately 450 kg of
plutonium. These stocks would be sufficient for perhaps 100–240 simple fission
weapons based on HEU and 90 plutonium weapons, assuming 25 kg of HEU
or 5 kg of plutonium per weapon. Pakistan could produce more weapons if it is
able to mine more uranium or has developed more advanced weapon designs
requiring less fissile material.

Pakistan could alternatively move to an arrangement where it uses its 40
tons a year of natural uranium production to fuel the three Khushab reactors,
and then enriches the reprocessed uranium from their spent fuel to make HEU.
This can be accomplished with an enrichment capacity of 30,000 SWU, for tails
of 0.3 percent. This arrangement could in principle last for the lifetime of the
Khushab reactors, as long as Pakistan can produce at least 40 tons of uranium
a year, and would yield 35 kg of plutonium and 140 kg of HEU per year. In this
scenario, much larger enrichment capacities would remain underutilized.
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